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FOREWORD

In the late 1960’s and early 1970’s, the much-heralded and precise perfor-
mance of inertial guidance systems in space exploration challenged earth sci-
entists to seek ways of turning those systems to their advantage in the near-
earth environment. Russell Brown and Charles Mongan sensed and responded
to that challenge. Over a 2-year period (1972—74), they shaped a workable
research task and secured the endorsement of the top U.S. Geological Survey
managers. As a result, the Geological Survey was committed to the develop-
ment of a pioneering inertial instrument system for aerial surveying, through
contract arrangements with The Charles Stark Draper Laboratory.

The formal contract work began in mid-1974, at a time when a few military
and civilian agencies were successfully operating less-precise generations of
inertial guidance systems in motor vehicles and helicopters to establish control
lines for topographic surveys. The Geological Survey's research commitment
was to move rapidly beyond those techniques and to field a new and more
precise inertial guidance system capable of obtaining similar or better control
lines from a fixed-wing aircraft. The potential savings in dollars, manpower,
and time in using the new system for field studies in the Geological Survey
Operating Divisions more than justified this research commitment.

After nearly a decade of work, a prototype model of this new instrument
system has been successfully flight tested. Its demonstrated performance has
exceeded in every respect the stringent design specifications. Although the full
range in performance capabilities remains to be explored, the system will
provide highly efficient, cost-effective support for scientific programs of the
Geological Survey, including production of topographic maps, investigations of
water resources, and assessment of mineral resources and geologic hazards.
The system also has immediate potential to support the research and opera-
tional missions of other Federal, State, local, and private organizations.

The Geological Survey is pleased to have played a major developmental role
in this important scientific achievement.

Dallas L. Peck
Director






PREFACE

The purpose of this report is to describe, for the nonspecialist earth scientist
or engineer, an inertial guidance or navigation system that will enable use of
relatively light aircraft for efficient nationwide data-gathering in geology,
hydrology, terrain mapping, and gravity-field mapping. Development of this
airborne instrument system is a logical consequence of the phenomenal post-
World-War-II growth in the science and technology of inertial guidance sys-
tems. That growth, although obviously predestined by the genius of men like
Dr. Charles Stark Draper, was accelerated by the onset of the international
space race in the 1960’s.

By the early 1970’s, new generations of gyroscopes and accelerometers—key
components in inertial systems—had been designed, built, laboratory proven,
and field tested sufficiently to allow application of inertial systems to certain
high-precision field measurement processes in the earth sciences. Prime exam-
ples of successful applications in that period include the military development
of a position and azimuth determining system, to run survey control lines, and
the development for the National Aeronautics and Space Adminstration of the
inertial navigators that guided the round-trip Apollo flights to the Moon. In
these applications, however, the precision levels were lower than what the U.S.
Geological Survey would require for its use.

The first inertially guided transcontinental flight, from Boston to Los Ange-
les, occurred in February 1953 with an Air Force B—29 carrying an inertial
navigator that weighed more than a ton (over 900 kilograms). Dr. Draper
(system designer), John Hursh (system operator), Charles Collins (pilot), and
Irving Levin (flight engineer) were among The Charles Stark Draper Labora-
tory contingent that comprised that historic crew, and all have been involved
actively in the current Geological Survey project. The present-generation iner-
tial navigators in regular airline use individually weigh less than 100 pounds
(45 kilograms) and can be accommodated in a space roughly equivalent to a
desk file drawer.

In a timespan of about two decades, this kind of evolution in inertial system
design, with equally graphic improvements in precision, has made the current
instrument-development project technically feasible. Not only did feasibility
crystallize, but the bright prospects that relate to the continuing evolutionary
trend in inertial navigator design virtually guarantee that an instrument
system built to satisfy the present Geological Survey specifications for preci-
sion can be upgraded periodically to meet even more stringent specifications
whenever cost-effectiveness criteria dictate.

The instrument system described in this volume capitalizes not only on
virtual state-of-the-art inertial guidance technology but also on similarly ad-
vanced technology for measuring distance with electromagnetic radiating
devices. The distance measurement can be made with a transceiver beamed at
either a cooperative target, with a specially designed reflecting surface, or a
noncooperative target, such as the Earth's surface. The instrument system
described herein features components that use both techniques. Thus, a laser
tracker device, which updates the inertial guidance unit or navigator in flight,
makes distance measurements to a retroreflector target mounted at a ground-
control point; a laser profiler device, beamed vertically downward, makes dis-
tance measurements to the Earth’s surface along a path that roughly mirrors
the aircraft flight path. In both technological domains, inertial guidance and
electromagnetic distance measuring, the equipment components selected for
use in this new instrument system were advanced well beyond levels that were
then commercially available.
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Commonly used Inch-Pound terms and their

preferred SI equivalents

Multiply inch-pound units

To obtain SI equivalent

List Of Abbreviations

inch (in.)

foot (ft)

yard (yd)

mile (mi)

nautical mile (nmi)

millimeter (mm)
meter (m)**
meter (m)
kilometer (km)
kilometer (km)

square foot (ft2)

square meter (m2)

cubic foot (ft3)

cubic meter (m3)

ounce, avoirdupois (0z)
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gram (g)
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ounce-force (ozf)
pound force (1bf)

newton (N)
newton (N)

pound per square inch (1b/in.2)
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bar

millimeter of mercury (0°C)
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degree Fahrenheit (°F)

Temp °C = (Temp °F — 32)(5/9)

degree Celsius (°C)

foot-candle (ft-c)

lux (Ix)

*Exact conversion factor.

**Basic SI unit.

aExact conversion, except for geodetic surveying in the United States for which the conver-
sion factor is 2.540005.

Abbreviation Explanation
APT(S) aerial profiling of terrain (system)
DC direct current
DMA direct memory access
GaAs gallium arsenide
gyro gyroscope
Hz hertz
IMU inertial measurement unit
10 input/output
kHz kilohertz
MHz megahertz
ms millisecond
us microsecond
ns nanosecond
NAD North American Datum
NGVD National Geodetic Vertical Datum
rpm revolutions per minute
TV television
v volt
w watt







INERTIAL INSTRUMENT SYSTEM FOR AERIAL SURVEYING

By RuUsSELL H. BROWN, with contributions by WILLIAM H. CHAPMAN,
WILLIAM F. HANNA, CHARLES E. MONGAN, U.S. Geological Survey, and JOHN W. HURSH,
The Charles Stark Draper Laboratory, Inc.

ABSTRACT

An inertial guidance system for aerial surveying has been devel-
oped by The Charles Stark Draper Laboratory, Inc., under contract to
the U.S. Geological Survey. This prototype system, known as the
aerial profiling of terrain system, is designed to measure continu-
ously points along an aircraft flight path or a terrain profile to a
positional accuracy of 0.5 foot (15 centimeters) vertically and
+2feet (61 centimeters) horizontally at the 90-percent reliability
level. Thus, the system’s objective is to accomplish rapidly and accu-
rately from a fixed- or rotary-wing aircraft what traditionally would
be accomplished from ground-based topographic surveys combined
with aerial photography and photogrammetry.

The strategy for measuring the terrain profile directly beneath the
aircraft flight path entails (1) continuous determination of the three-
coordinate position of the aircraft, once it departs from its initial
calibration and alinement point, and (2) continuous measurement of
the vertical distance between the aircraft in flight and the land
surface so that the desired terrain profile can be computed directly.

The first, and by far the most complex, part of the strategy is
achieved by use of an inertial navigator that contains an inertial
measurement unit, in combination with an eye-safe pulsed laser
tracker, both mounted on a common base. The inertial measurement
unit features a gimbaled three-axis inertial platform, stabilized in
the desired orientation by three high-precision gyroscopes, on which
is mounted an orthogonal array of three high-precision accelerome-
ters. The gyroscopes provide a three-coordinate scheme of reference
for measuring the rotational angles through which the aircraft
moves; the accelerometers provide a continuous measurement of
specific force acting on the aircraft in three dimensions, from which
a continuous record of aircraft position can be computed if the Earth’s
gravity field along the flight path is known or modeled. Largely
because of error buildup in the determination of the vertical coordi-
nate of position, the inertial measurements must be supplemented
with independent positional or velocity information at approxi-
mately 200-second intervals. This requirement is met by a gimbaled
two-axis laser tracker, which measures distances and directions to a
select number of ground-based retroreflectors which have been sur-
veyed previously.

The second part of the strategy is achieved using an eye-safe pulsed
laser profiler, which is, in effect, a high-precision altimeter. Bore-
sighted with this is a color television camera which continuously
records an image of the flight-path trace over the terrain. An onboard
computer accepts data from the sensors in the aerial profiling of
terrain system and performs the computations necessary for calibra-

Use of brand, firm, and trade names in this report is for identification purposes only and
does not constitute endorsement by the U.S. Geological Survey.

tion and alinement of the inertial measurement unit, navigation of
the aircraft, and position and velocity updating of the inertial navi-
gator. The computer logs its results in an onboard magnetic tape
recorder; selected results are deliverable as well to the sytem opera-
tor’s keyboard and display unit. Postflight computer processing of the
recorded data involves such functional steps as editing, renavigating,
compressing, introducing a refined gravity model, state-space
Kalman filtering, back filtering, optimal smoothing, and re-
combining. The results are used to generate a new magnetic tape of
terrain-profile data in coordinates of latitude, longitude, and eleva-
tion, which are time-correlated with a magnetic tape containing the
color video imagery.

A typical mission is accomplished with the aerial profiling of ter-
rain system installed in a DeHavilland Twin Otter aircraft, flown at
a speed of 115 miles per hour (105 knots) and at a height above the
terrain of 2,000 feet (610 meters) over, for example, a 20- by 20-mile
(32- x 32-kilometer) land area of gently rolling topography. An ad-
vance field-survey party sets out and surveys a minimum of three
retroreflectors in a triangular array; but the number set out may go
as high as 15, spaced in a way that will allow retroreflector-tracking
gaps of no more than 300 seconds throughout the intended flight.

Upon completion of a mission and the subsequent postflight data
processing, the terrain-profile data and video imagery are viewed
simultaneously on the screen of a video receiver to permit identifica-
tion and deletion of any unwanted anomalies which might have been
caused by dense vegetation or manmade structures. Special flight
missions, restricted to using the aerial profiling of terrain system as
a means to establish horizontal and vertical control at sites of unsur-
veyed retroreflectors or as a means to control or monitor the position
and orientation of other onboard remote sensing instruments, do not
require operation of the laser profiler.

Performance-evaluation tests of the aerial profiling of terrain sys-
tem indicate that the +0.5-foot (15-centimeter) vertical and +2-foot
(61-centimeter) horizontal accuracy specifications have been
achieved. The principal source of error is attributable to uncertain-
ties of gravity anomalies. If future refinements are made for con-
trolling the thermal environment of the aerial profiling of terrain
system, with special attention to the several electronics packages,
then gravity-disturbance data may be routinely gleaned from the
flight-mission data. This, in turn, would permit improvements in the
currently achieved accuracies. Also, the fully implemented Global
Positioning System of satellites may offer potential benefits to the
aerial profiling of terrain system, specifically with regard to provid-
ing an additional independent measurement of velocity for the iner-
tial navigator.



2 INSTRUMENT SYSTEM FOR AERIAL SURVEYING

INTRODUCTION

DEVELOPMENTAL INCENTIVES

The U.S. Geological Survey incentives for the
instrument-development work described in this paper
were first (mid-1960’s) identified with the hydrologist’s
and cartographer’s search for a more efficient, quick,
and economical way to collect precise terrain-profile
data at innumerable (tens of thousands) field sites. The
hydrologist’s need related to the ongoing work of defin-
ing more precisely the geometry of stream valleys na-
tionwide; the cartographer’s need keyed to the peren-
nial quest for improved mapmaking tools and
techniques.

With the National Flood Insurance Act of 1968, as
amended by the Flood Disaster Protection Act of 1973,
the U.S. Congress created the National Flood In-
surance Program, which was aimed at improving the
management of property development in the flood
plains of streams. The Act required the Secretary of
Housing and Urban Development to provide each of the
more than 20,000 flood-prone communities with a de-
tailed flood-insurance study by August 1, 1983. Each
such study was to include maps showing the aerial
extent and elevation of the 100-year (1-percent chance
of occurrence in any given year) flood. The potential
workload impact of this Congressional mandate upon
hydrologist and cartographer alike was formidable.

In the early 1970’s, hydrologists and geomorpholo-
gists were pressing the search for better quantitative
expressions to relate hillslope profiles and stream gra-
dients to watershed runoff characteristics. Corollary
interests concerned attempts to expedite geologic map-
ping in hilly forested terrain, where important geologic
features were often difficult to spot and trace. The fore-
going combination of work and interest, whose prog-
ress often was thwarted by a paucity of data on longitu-
dinal and transverse stream-valley profiles, prompted
the Director in December 1971 to solicit from the sev-
eral Operating Divisions of the Survey, thoughts on the
technical feasibility of developing airborne instrumen-
tation to measure terrain profiles. The director fol-
lowed this invitation with the establishment in March
1972 of an ad hoc interdivisional committee to explore
technical feasibility, and that committee’s report in
May 1972 became the stepping stone to the research
effort described in this report.

DEVELOPMENTAL STRATEGY

Early in 1972, when Brown and Mongan began to
analyze the potential for developing an airborne in-
strument system capable of measuring terrain profiles,
some quantitative and substantial qualitative results

from a variety of earlier flight experiments were al-

ready available. Most flights had featured large multi-

engine aircraft that included an Air Force B-17, a

civilian Douglas DC-3, and a Navy Lockheed Constel-

lation. In all flights, the laser distance-ranging equip-
ment that was carried was bulky and heavy and
required a substantial amount of electrical power to
operate. The limited quantitative results clearly
showed that, unless a way were found to define very
precisely the aircraft path of motion, the overall accu-
racy in vertical measurements would only approach
+1ft (0.3 m) and, in horizontal position, might range

from tens to hundreds of feet (3-30 m).

Very early in the development analysis, therefore,
thought processes were conditioned by the following
rather obvious facts:

1. Aircraft size should be held within the relatively
light category [less than 12,500 1b (5,670 kg)] to
minimize the logistics for long-term continuous
field use in the Survey.

2. Instrument system should be compact and
lightweight and should require a minimum of
electrical power commensurate with the con-
straints imposed by the choice of aircraft.

3. Instrument system should be capable of defining
continuously and precisely the aircraft three-
dimensional path of motion.

4. Instrument system should be self-contained and
should not require any ground-based electromag-
netic radiation (radio or microwave) for its suc-
cessful operation.

It was fact number 4 that almost immediately
steered the development analysis into the available in-
strumentation literature on state-of-the-art develop-
ments for stable platforms deployed in satellites and
inertial guidance systems. The explorations through
the literature paid off in April 1973 when the first
schematic was drafted to show what should constitute
the ideal airborne terrain-profiling system. That sche-
matic featured an inertial navigator to measure contin-
uously the three-dimensional motion of the aircraft, a
laser distance-measuring device to collect terrain-
profile data, and an onboard digital computer to process
and combine all measured data into the desired for-
mats.

The literature explorations repeatedly associated the
names of Dr. Charles Stark Draper and the Instrumen-
tation Laboratory of the Massachusetts Institute of
Technology, which Dr. Draper headed, with some of the
most significant advances in the technology of inertial
navigation and guidance and the manned space flights
to the Moon. A logical and final step, therefore, in the
developmental strategy for the work described herein
was to seek Dr. Draper’s endorsement of the proposed
new airborne instrument system. Endorsement in prin-
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ciple was obtained in June 1973 in a meeting with
Dr. Draper and one of his principal staff advisors and
colleagues, John W. Hursh. Over the next year, the
foundation was laid for his laboratory, which in the
interim had become the independent Charles Stark
Draper Laboratory, Inc., to undertake the necessary
work through contract with the Survey.

DEVELOPMENTAL HISTORY

In the early 1970’s, as national concerns grew over
property developments in the flood plains of streams,
the resolve to improve flood-plain management grew
concurrently. This triggered in the minds of a few Sur-
vey hydrologists a desire to formalize a modest begin-
ning research on improved techniques for flood-plain
delineation. Thus in August 1971, Rolland W. Carter
(ret.), then Chief, Surface Water Branch, and the late
Roy E. Oltman, then Assistant Hydrologist for Re-
search and Technical Coordination, arranged for the
assignment of George W. Edelen, Jr., to the research
problem of investigating and comparing various alter-
native procedures for flood-plain mapping. This inves-
tigation was to feature cost comparisons and was to
include examination of the prospects for electromag-
netic measurements from aircraft.

Edelen's early work coincided with the Director’s
expressed interest in examining the technical feasibil-
ity of developing an airborne instrument system for
surveying. Thus, Edelen served on the ad hoc interdivi-
sional committee appointed to explore the feasibility
issue. In the wake of that committee’s report, Edelen
arranged with the U.S. Navy Oceanographic Office to
test fly laser distance-measuring equipment in a Lock-
heed Constellation aircraft. The intent was to profile
the terrain along U.S. Highway 60 west of Richmond,
Va., and to monitor vertical motion of the aircraft with
an accelerometer; however, severe air turbulence viti-
ated most results. This served mainly to underscore the
merit in proceeding with an analytical appraisal of the
principal features needed in an airborne instrument
system geared to the Survey’s unique field surveying
and operating requirements. Preliminary work on such
an appraisal had been started already, but, at this
point, the effort was intensified with appropriate ad-
ministrative sanction.

Several early milestones in this developmental his-
tory are in the two preceding introductory sections and
are not repeated here. It is pertinent to note, however,
that Dr. Draper’s June 1973 endorsement in principle
of the proposed new airborne instrument system,
coupled with an opportunity to view state-of-the-art
inertial guidance hardware already tested and proven
by Draper Laboratory, effectively spurred the earnest
work to shape the initial research tasks. Thus, at
widely spaced intervals in the period from June 1973 to

June 1974, several all-day technical discussion ses-
sions were held at Draper Laboratory. Participants in-
cluded a number of their professionals as well as Sur-
vey professionals from the several Operating Divisions.
The result was a “Request for Proposal” (RFP No. 5507)
which the Survey delivered to Draper Laboratory on
April 8, 1974. The RFP described a proposed 6-month
engineering analysis, or technical feasibility study,
and, in essence, circumscribed the research task with
the following specifications:

1. Define the prospects for designing and building an

airborne instrument system capable of—

a. Determining continuously in real time (virtually
instantaneously) the three-coordinate position
of the aircraft.

b. Continuously profiling terrain along the vertical
trace of flight path.

c. Achieving absolute (referenced to local control)
position and profile accuracies of +0.5 ft
(0.15 m) vertically and *=2 ft (0.61 m) horizon-
tally.

d. Deployment in relatively light fixed- or rotary-
wing aircraft.

e. Operating at relatively low flight altitudes, arbi-
trarily defined as below 3,000 ft (914 m) above
the terrain.

f. Providing vertical pointing stabilization for a
small camera.

g. Being updated and adjusted in flight with respect
to its precise orientation and position.

h. Tying aircraft position data to ground-control
points in local survey area.

2. Define flight and operating techniques for the sub-
ject instrument system.

An added stipulation, implicit in the foregoing speci-
fications, limits field use of the proposed airborne in-
strument system to nonmountainous terrain. Further-
more, the specifications were drawn primarily from
requirements of the flood-plain delineation problem,
which entails fitting floods of given magnitudes, such
as the 100-year flood or the 50-year flood, into the local
stream-valley geometry. The fitting exercise uses pre-
cisely measured valley cross sections at a sequence of
selected sites and processes the relevant data through
what a hydrologist terms a “step-backwater computa-
tional procedure.” In the field-investigation programs
of the Survey alone, about 10,000 stream-valley areas
require such flood-plain definition—a singular need
that drives the stakes quite high for success in develop-
ing airborne instrumentation that can offer substantial
work savings in manpower, time, and cost. Reflections
of this particular Survey need are evident in each of
several other Federal agency programs.

With the research task defined, the heart of the pro-
posed instrument system was seen to be the inertial
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navigator which establishes the three-coordinate
reference-carrying capability. This suggested a ver-
satility in using the system that would transcend the
rather limited variety of field problems involving ter-
rain profiling. Some expression of the range of field
uses, identified as time progressed, is given in the sec-
tion titled “Uses for the Instrument System” and is
seen to embrace the study programs of all Field-
Operating Divisions in the Survey. Furthermore, the
time and costs projected by Draper Laboratory for the
necessary contract work clustered principally around
the inertial navigator. The laser profiler, therefore,
was recognized, even at this early juncture, as a low-
cost and relatively simple adjunct to the heart of the
instrument system that would enable early flight test-
ing on important problems that involved terrain profil-
ing. Thus, when the need for a system acronym arose,
project personnel coined “APT” to signify Aerial Profil-
ing of Terrain.

Effective June 24, 1974, the Survey contracted with
Draper Laboratory (contract no. 14-08—0001-14548)
for the referenced 6-month engineering analysis, and
the author was designated Technical Officer for this
contract. His counterpart at Draper Laboratory, John
W. Hursh, was designated Principal Investigator. The
Survey monitored the advancing work regularly and
closely and stayed involved through technical discus-
sions and field data inputs as questions arose. The
Draper Laboratory study culminated in a 225-page
open-file report (Desai and others, 1975).

The significant findings in the report are summa-
rized as follows:

1. An airborne instrument system can be built that
will perform to the stipulated precision.

2. The airborne system will require update (position
and velocity vector) information at 3-minute in-
tervals during the flight mission.

3. The update information required by the system can
be supplied by an onboard tracker component.

4. The inertial and tracker components should be built
to function as one integral unit.

5. Inflight calibration of the system will require an
inexpensive retroreflector mounted on each of
three presurveyed ground-control points. These
will be tracked, one at a time, by the tracker.

6. The gyroscopes and accelerometers in the system
should be state-of-the-art quality (Draper Labora-
tory supplied) if the Survey’s high-precision speci-
fications are held; they can be available commer-
cial quality if lower precision specifications can be
tolerated.

The Survey arranged for outside technical reviews
by selected scientists in the Harry Diamond Laborato-
ries, part of the Army Materiel Command, in Washing-
ton, D.C. Through those Laboratories arrangements

also were made for reviews by scientists at the Army
Missile Laboratory, Huntsville, Ala. The reviews fo-
cused on two fundamental areas: The mathematical
developments that undergird the concept of a tracker
device for updating the inertial navigator in flight, and
the performance capabilities of the Draper Laboratory
gyroscopes (gyros) and accelerometers in terms of
meeting the overall precision specified for the complete
instrument system. The reviews completely supported
the Draper Laboratory findings.

To anticipate the ultimate need for a decision and
commitment on when and how to continue contract
work at Draper Laboratory, a briefing was arranged for
the Survey Executive Committee, which comprised the
Director, principal administrators in the Director’s of-
fice, and the Division Chiefs. The briefing was given on
December 18, 1974, and highlighted work progress and
outlook. After a followup briefing on May 7, 1975, the
committee recommended that the contract effort at
Draper Laboratory be extended through completion of
the general design for the full instrument system. That
work phase, estimated to require 18 months, officially
began June 28, 1975, with approval of the contract
papers and allocation of an initial sum of money. In
the hiatus that otherwise would have occurred between
completion of the engineering analysis and start of the
general design for the overall instrument system, the
Survey contracted with Draper Laboratory for a series
of laboratory experiments with laser devices. Primary
purpose of the experiments was to accumulate perti-
nent operational data that would lead to the best de-
sign for the laser profiler. In this work, Draper Labora-
tory was aided by the cooperative consulting efforts of
personnel in the Electronics Branch of Harry Diamond
Laboratories. Results of this 8-month work phase are
documented in the report by Mamon and others (1976).

Concurrent with their recommendation for continu-
ing the Draper Laboratory contract effort, the Execu-
tive Committee requested that cost-effectiveness data
be assembled, based on the potential Survey uses of the
proposed airborne instrument system. During summer
1975, those data were assembled and analyzed. Justifi-
cation was shown for completing the design and ven-
turing into the costly fabrication phase of the
instrument-system development as budgetary con-
straints would allow. Highlights of the cost-
effectiveness analysis were given to the Executive
Committee in a briefing on November 12, 1975; the
Survey-envisioned uses for the instrument system
came from that analysis.

The contract effort progressed through a series of
distinct work phases, beginning with the described en-
gineering analysis, as shown in figure 1. The figure
illustrates the sequence and time frames within which
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INSTRUMENT SYSTEM

OVERALL SYSTEM CONCEPT

Some important clues have already been given re-
garding the nature of the overall airborne instrument
system. From these, the realization should be emerging
that, if the Survey earth science measurement criteria
are to be met, the heart of the instrument system, the
inertial navigator, must be able to determine instanta-
neously, very precisely, and continuously its position
and its orientation. The former implies a capability for
navigation, and the latter, for pointing.

The uniqueness of an inertial navigator is that it
combines both the navigation and the pointing capabil-
ities in a computer and a mechanism known as an iner-
tial measurement unit (IMU)2, The IMU is an assem-

blage of gyros and accelerometers. For it to function as
it should, it must be able to measure or detect such
physical vector quantities as gravity (the local vertical)
and the Earth's rotation. The directions of these vec-
tors are “remembered” by the gyros, which establish
the needed references for pointing or orienting the
whole instrument. The manner in which the references
are created may be likened to an orthogonal set of x, y,
z coordinate axes fixed on an inner or stable platform
that actually supports three orthogonally mounted
gyros. The stable platform is isolated from the dis-
turbing influence of aircraft rotational motion (pitch,
roll, and yaw) about the three axes by means of a
gimbal-support structure (see section titled “Gimbal
System”). The rotational movement of individual gim-
bals can be offset or compensated for through the ac-
tions of their individual torque motors, which, in turn,
are controlled by signals from the gyros as relayed
through the appropriate servoamplifiers.

An inertial navigator cannot operate perfectly,
owing to inescapable built-in mechanical imperfections
and imprecise knowledge of variations in the Earth’s
gravitational field along its path of motion (the flight
path). Thus, the position and orientation data yielded
by the instrument drift slowly away from the truth (the
correct values). This can be overcome by providing
high-quality position-data samples periodically from
an independent source, and the frequency with which
this is done is related to the desired overall measure-
ment precision. To satisfy the Survey precision criteria,
the requirement is to update the inertial navigator
with position data at 3-minute intervals; the independ-
ent source for obtaining those data is a laser-ranging
device called a tracker, mounted in the aircraft in the
same structural housing as the IMU. During flight, the
laser tracker locates and locks onto a retroreflector
target mounted over a known ground-control point.
While the target is in view (about 30 seconds), a stream
of range and pointing-angle measurements is collected.

The way in which the inertial navigator and tracker
complement each other and combine to make an out-
standingly high-quality instrument system can best be
illustrated in the following manner. First, the inertial
navigator is a device that can very easily recognize and
measure high-frequency-type accelerations and angu-
lar rotations—in other words, the normal motions—of
the carrying vehicle (the aircraft). Its performance is
corrupted, however, by very low frequency angular ro-
tations caused by very slow and random gyro drift and
other small systematic errors. Second, the tracker is an
mrtial measurement unit” tends to mislead, in the sense that inertia cannot
be measured directly. The unit simply features mechanical components (gyros and ac-
celerometers) which, in responding to the ph of inertia, deliver the measurements

needed to define a “specific force” vector (containing gravitational and nongravitational
accelerations) acting upon the carrying vehicle.
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instrument that measures best in a way that allows
good definition of the low-frequency types of rotations
and disturbances. The tracker has virtually no capabil-
ity for measuring or defining the high-frequency-type
disturbances. Finally, for the best performance charac-
teristics to be realized, the inertial navigator and the
tracker must be optimally combined to obtain a near-
ideal (minimal total error) measurement capability
over the full frequency range for the expected accelera-
tions, angular rotations, and disturbances. These sev-
eral points are diagrammed schematically in figure 2.

An important attribute of the inertial navigator is
that, in fulfilling its navigation capability, its IMU
component directly senses or measures accelerations of
the carrying vehicle, and these are then mathemati-
cally integrated once to yield velocities and twice to
yield travel distances. Because integration is a smooth-
ing process, any inherent measurement errors are
greatly reduced; thus, the inertial navigator is espe-
cially good at precisely resolving high-frequency types
of motion.

Implicit in the foregoing discussion is a capability for
processing the sensed or measured data and perform-
ing computations; thus, an airborne digital computer is
indeed a central component in the complete instrument
system. Although hardware and related software de-
tails are described in the section titled “Computer,” a
few advance observations are pertinent here.

The airborne computer and its accessories must be
versatile enough to perform a variety of tasks that
include accepting or logging the sensed and measured
data from the IMU, tracker, and any ancillary earth
science measuring equipment; processing the accepted
data and performing necessary computations; storing
and displaying the appropriate data; and accomplish-
ing all of this in accordance with suitably developed
instructions (software). Selection of the most appropri-
ate computer must reflect consideration not only of the
foregoing tasks but also the need for some reserve ca-
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FIGURE 2.—Frequency response characteristics of inertial naviga-
tor and tracker to vehicle motion.

pacity in processing and computing speeds, memory
(storage) size, and input and output capabilities. This
represents a deliberate choice to build into the instru-
ment system greater flexibility for planning and exe-
cuting a larger variety of data-gathering flight mis-
sions.

Any sincere attempt to detail the instrument system
leads inescapably to and through descriptions of the
principal components. Because their introduction to
data-gathering programs in the earth sciences is rela-
tively new, they deserve more than casual attention. In
this paper, therefore, each principal component in the
overall instrument system is described in detail with
pertinent extracts from the supporting body of scien-
tific principles and theory.

INERTIAL NAVIGATOR

The earth sciences community is gradually accumu-
lating exposure to and experience with inertial-type
measuring instruments with the advent of commer-
cially available portable and land-vehicle-mounted
units used in determining geographic position. The
precision requirements for such units, however, have
been at least an order of magnitude coarser than those
specified by the Survey for the instrument system
herein described. Furthermore, the Survey specifica-
tions require deployment in a light aircraft, rather
than in land vehicles.

To comprehend the significance of an inertial navi-
gator, one needs to reexamine, briefly, Newton's three
basic laws of motion and the commonly used term,
“inertia.” These laws of motion feature three principles
which have proved valid for all mechanical problems
not involving speeds comparable to the speed of light
and not involving atomic or subatomic particles. The
first law, also know as Galileo’s law of inertia, states
that a particle not subjected to external forces remains
at rest or moves with constant speed in a straight line;
the nongravitational measurements of accelerometers
contained within an inertial navigator are referenced
to an inertial coordinate system in which a body moves
with constant velocity as long as no force acts on it. The
second law states that the acceleration of a particle is
directly proportional to the resultant external force
acting on the particle and is inversely proportional to
the mass of the particle; a more general statement of
this law is that the force equals the time rate of change
of linear momentum, where momentum is the product
of the mass and the velocity of the particle. The more
general statement reduces to the more specific one if
mass does not change with time, as is the case with an
inertial navigator. The more general statement involv-
ing momentum also provides a reference for defining
inertia—that property of matter which manifests itself
as a resistance to any change in the momentum of a
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body. The third law states that, if two particles inter-
act, the force exerted by the first particle on the second
is equal in magnitude but opposite in direction to the
force exerted by the second particle on the first. This
law explains why the contact force exerted by the sup-
port structure on the triad of accelerometers is the iner-
tial reaction to the vehicle acceleration and is, there-
fore, opposite in direction to vehicle motion.

The literature on instrumentation for inertial guid-
ance and navigation contains many definitions of iner-
tial navigators. Inasmuch as no single definition seems
adequate for the present purpose, the following com-
posite was collected piecemeal with interpretations
from several inertial-navigation textbooks (see
“Selected References”):

“An inertial navigator is a self-contained instru-
ment package designed to track continuously the
velocity and position of the vehicle that carries it.
Its proper functioning requires no external electro-
magnetic radiation. It consists of accelerometers
that measure a combination of inertially refer-
enced specific force (force per unit mass) and grav-
itational force; gyros that provide the inertially
referenced three-coordinate scheme by virtue of
precessing (spin axis slowly changing direction) in
reaction to disturbing torques or vehicle rotations
at right angles to the precessions; an assumed
model of gravitational force to permit extraction of
inertially referenced specific force from accelerom-
eter measurements; a computer to integrate with
respect to time the specific force data, to obtain the
navigator velocity and position; an updating de-
vice to correct or compensate for errors in naviga-
tor velocity and position caused by time-dependent
drifts of gyros and other instrument components;
and housing materials to interconnect components
and to stabilize and regulate the physical environ-
ment of the instrument package.”

The specific force, equivalent to force per unit mass,
may be seen to have units of acceleration by expressing
Newton’s second law of motion in the simple form of
force (F) equals mass (M) times acceleration (a)—
F = Ma—and by subsequently dividing both sides of
the equation by the mass. As previously noted, the
measured specific force is opposite in direction to vehi-
cle motion as a consequence of Newton's third law of
motion.

The variety of Survey field applications envisioned
for the APT system contains the common element of
field surveys of some kind in a relatively localized geo-
graphic area. This prompted selection of a geographic
coordinate system of latitude and longitude, based on a
reference ellipsoid and specifically upon the North
American Datum of 1927 (NAD of 1927), and elevation,
based on a geopotential surface termed the “geoid”

and specifically on the National Geodetic Vertical Da-
tum of 1929 (NGVD of 1929). This Earth-fixed coordi-
nate system serves as the reference for all fully pro-
cessed position data. Other coordinate systems are
used, however, in implementing the inertial navigator;
for example, the stable platform established by the
three gyros in the APT system is mechanized in a
tangent-plane orientation, convenient for inertial navi-
gation when individual flight missions will operate
over relatively small areas of the Earth—areas, for
example, that have a radius of less than 200 mi (322
km). This means that the x-y plane of the platform is
maintained normal (and the z axis parallel) to the di-
rection of the actual plumb line at the point where the
system is calibrated and alined before a flight mission.
To maintain this initial tangent-plane orientation
throughout the flight mission, the system need only
compensate for Earth rotation.

The tangent-plane coordinate system was judged to
be superior to a locally level coordinate system because,
in the latter system, knowledge of changing torque
rates required to maintain the platform in the system
could not be recovered for postsurvey data processing
(postprocessing). The locally level coordinate system,
however, is used as a reference for the processed veloc-
ity data, having been transformed to this system from
the tangent-plane system. In the locally level system,
the x—y plane of the stable platform is maintained tan-
gent to the surface of a mathematically defined refer-
ence ellipsoid, and the z axis is maintained parallel to
the ellipsoid normal. Gyrocompassing permits the x-
axis to be oriented along geographic north and the y-
axis along geographic east. The direction of the z-axis
departs from the direction of actual gravity approxi-
mately by a quantity known as the deflection of the
vertical.

The requirement for a model of the gravitational
field is especially important where an inertial naviga-
tor is operating in a near-Earth environment, as in an
aircraft, and where precise knowledge of the elevation
position coordinate is required. Both conditions apply
to the present system. Much experimentation will be
warranted in determining how accurate a gravity
model (gravitation plus centripetal acceleration associ-
ated with Earth rotation) is required for a given spac-
ing of ground-surveyed control points to achieve a
stated precision in vertical and horizontal position co-
ordinates.

Inertial Measurement Unit

The principal physical component of a three-
coordinate inertial navigator, such as that designed for
the APT system, is the IMU composed of three gyros
together with appropriate gimbals (supporting frames)
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and servo-drive motors to establish a stable platform
that will hold the specified three-coordinate scheme of
reference in the correct orientation, and three ac-
celerometers mounted on that stable platform to meas-
ure the resultant of the specific forces referenced to
each coordinate axis. Beyond these major items, the
IMU includes a number of subsidiary items, such as
electronics packages, pickoff and readout devices to ac-
complish the required measurements, and all the ap-
propriate wiring and mechanical linkages.

An IMU can be visualized as a key component in the
inertial navigator, which is designed to solve problems
in geometry, inasmuch as the ultimate task is to locate
points along its path of motion and to reference them
very precisely (in space and time) to some specified
coordinate system. The challenge, then, is to design
and build a collection of physical components, the heart
of which is labeled an IMU, capable of simulating the
specified coordinate system, measuring the resultant of
all applied forces (including gravity) referenced to that
coordinate system, and processing that information in
real time (or after the flight mission) into the desired
position and orientation or attitude information.

An important key in guaranteeing inertial navigator
performance that is dependable, predictable, and at the
designed level of precision is the provision of a benign
thermal environment for the inertial components; that
is, the gyros and accelerometers. The goal is to simu-
late the stable and perfectly controlled conditions of the
laboratory throughout the expected vagaries of the
field-operating environment. In a number of missile or
astronautical applications, this has required adjunct
large and heavy refrigeration units which might have
compromised the Survey stipulation that the APT sys-
tem be capable of deployment in a relatively light air-
craft. Thus, in the original design, Draper Laboratory
designers chose a high working-level temperature in-
side the IMU of 128°F (53°C) stabilized to within
+0.1°F. In such a design, air would be the heat transfer
medium, and aircraft cabin air, the ultimate heat sink.
Thus, under most expected operating conditions, heat
would need to be supplied the IMU via built-in electri-
cal heaters. Fabrication costs for this high-temperature
IMU precluded its use in the prototype system, but the
concept is sound and should be implemented for any
future operational system. Departures from the
original-design temperatures are described at the end
of the section on temperature control.

Gyroscopes
Fundamental to the successful implementation of
the IMU are the gyros that provide the physical means
for creating a stable platform to carry the given coordi-
nate scheme of reference in a specified orientation in
three-dimensional space. Popular qualitative concepts,

harking back all the way to childhood toys, convey
some of the pertinent characteristics of these intrigu-
ing devices. However, a more exact and quantitative
detailing of selected gyro properties is germane to the
present description.

The pertinent nomenclature relating to gyros, dis-
played with the elemental schematic in figure 3, is
important to comprehend and properly define signifi-
cant aspects of their performance characteristics. The
heart of a gyro is a rotor or wheel free to spin on an axis.
The spin axis is held in nearly frictionless bearings
retained in a gimbal which itself is held in low-friction
bearings retained by the overall supporting structure
or base; for example, an aircraft. Among the design
goals for a spinning gyro is a high value for its angular
momentum along with small physical size. A specified
angular momentum, therefore, compatible with small
size, is obtained by concentrating the weight at the
perimeter and spinning the wheel at a high speed; for
example, 24,000 revolutions per minute (rpm) is used
in the APT system and is commonplace in commer-
cially available gyros. The APT system gyros also will
include a viscous damper placed on one gimbal axis.
whose function will be described later in this section.

The spin axis of a gyro will maintain its initially
given orientation in space. The degree of steadfastness
with which the spin axis will hold its orientation is
related directly to the magnitude and constancy of the
angular momentum of the spinning wheel. Further-
more, if the spin axis experiences a rotational move-
ment, causing the direction of that axis to change, it
will react in a new rotational movement (directional
change) orthogonal to the first. This gyro property can
be illustrated by imagining that the inner gimbal sup-
porting the wheel (fig. 3) undergoes a slight rotational
movement clockwise around the middle axis. The fore-
going movement can be caused by applying a parallel

SPIN AXIS
(FORCE

GYRO ROTORORWHEEL

ouTeR Axis” O Q

INNERGIMBAL
MIDDLE AXIS

OUTERGIMBAL

PRECESSION

FIGURE 3.—Gyro and gimbal-support structure.
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pair of equal and opposite forces to the inner gimbal as
shown in figure 3. The consequent spin-axis movement
can be seen to result in its changing its line of direction
in the plane of the two forces and the reaction or re-
sponse is a predictable and new spin-axis rotational
movement, or precession, in an orthogonal plane (fig.
3). The foregoing pair of applied forces is termed a
“couple,” and the quantitative measure of its capability
for producing rotation is termed a “torque,” which is
simply the product of one force times the perpendicular
distance between the pair (the arm in fig. 3).

The above statement is general and not limited to the
particular plane that passes through the applied forces
shown in figure 3. The equation that quantifies the
above relation is called the Law of Gyroscopics, which
may be expressed in the convenient form,

[Torque] = [(Wheel Inertia) (Spin Velocity)] [Precession Rate]3.

(N-m) (m2%kg) (rad/s) (rad/s)

Shown parenthetically below each quantity are the SI
(International System) units in which it is commonly
expressed (see also list of “Symbols and Dimensions”).
Because the product of wheel inertia and spin velocity
is angular momentum, a simpler, more convenient

form of the equation is
[Torque] = [Angular Momentum] [Precession Rate]. (1)

(mZkg/s?) (m%kg/s) (rad/s)
Both of the above equations relate the indicated terms
in magnitudes only.

Equation 1 is extremely useful in a two-way sense in
that, for a given or applied torque (magnitude and di-
rection), a particular rate and direction of precession is
determinable, and, conversely, if a specific rate and
direction of precession is observed or created, then the
magnitude and direction of the particular related
torque is determinable. The principle actually is used
in both senses as the APT system operates.

The described performance characteristics immedi-
ately suggest the possibility for using gyros to set up
the desired three-coordinate-reference axis scheme.
However, if the spin axis is to be given a proper chance
to fulfill its function of remaining stable in a given
orientation, then it must be isolated in carefully prede-
termined ways from the several possible rotational mo-
tions of the overall supporting structure or base.

In reference to figure 4, note the given orthogonal set
of three axes comprising the spin axis, the output (gim-

3The rotational equivalent of F = Ma (which describes translational motion) is T=1la
where T, I, and o are the torque (a pseudovector), the moment of inertia, and the angular
1 pectively.

a 1,
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FIGURE 4.—Single-degree-of-freedom gyro.

bal) axis, and the input (sensitive) axis, the last of
which, by definition, is at right angles (in quadrature)
to the other two. Compared to figure 3, the outer gim-
bal has been removed, and a damper added to the out-
put axis. Next consider that if the base is moved along
any arbitrary path so that its original orientation in
three-dimensional space is changed, then the progres-
sive nature of that orientation change can be fully de-
scribed in terms of three component rotational rates
about the foregoing set of orthogonal axes. It is appro-
priate now to examine individually these three possible
component rates.

1. Any base-rotation component around the spin axis
obviously has no effect on changing the direction
of that axis.

2. Any base-rotation component around the input axis
(fig. 4) inevitably causes the spin axis direction to
experience the same rotational rate, and the reac-
tion, as may be predicted from the preceding dis-
cussion, is a precession torque which induces rota-
tion of the gimbal and wheel assemblage around
the gimbal (output) axis. This torque is countered
by an opposing torque from the viscous damper
proportional to the angular rate of the gimbal
around the output axis, which, in effect, inte-
grates the precession torque and affords a way of
precisely indicating the angular rotation of the
base around the input axis. An electromagnetic
device known as a signal generator is used to
measure the angle between gimbal and base as an
output voltage.

3. Any base-rotation component around the output
(gimbal) axis is countered by a resisting torque in
the viscous damper. This has the effect of tending
to induce rotation of the gimbal and wheel assem-
blage around the gimbal axis, leading to the
predictable precession torque around the input
axis. Due to the geometry of the gimbal structure
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(see fig. 4), however, the only result is a tendency
to “cock” the gimbal in its bearings.

Because the gyro spin axis is free to move in response
to a torque around only one axis, the input axis, it is
termed a “single-degree-of-freedom” gyro and is so la-
beled in figure 4. Thus, the gyro measures base rotation
around the input axis (sometimes called the sensitive
axis) only and quantifies this as an output voltage pro-
portional to input angle.

The conclusion can now be made that if, for example,
the input axis in figure 4 is chosen to simulate the local
vertical coordinate axis and if two similar single-
degree-of-freedom gyros are mounted on the same base
with their input axes oriented orthogonal to each other
in the local horizontal plane, to simulate stabilized ref-
erence lines in the east and true north directions, then
a stable platform reference scheme in Cartesian coordi-
nates has been instrumented, capable of sensing base
rotation around any axis. The balance of the instru-
mentation challenge stems from the need to provide the
platform with motion-isolating gimbals driven by
torque motors powered by servoamplifiers receiving
signals from the gyros. Each gyro signals the angular
amount it has been forced to deviate because of the base
motion. This information is resolved along the gimbal
axes and then is fed to the respective servo-drive or
torque motors to rotate the gimbals so as to restore
each gyro to its required stabilized position. In effect,
therefore, the gyros mutually act to isolate themselves
from the three component base rotations caused by any
motion of the carrying vechicle. The entire foregoing
cycle of events occurs virtually instantaneously, and it
is repeated continuously.

The particular gyros selected for the Survey instru-
ment system are state-of-the-art hardware fabricated
by Draper Laboratory. In the eventual production
model, the gyros are to be fabricated in accord with a
design that uniquely fits the Survey specifications and
field-operating environment. In the APT system the
gyro will carry the Draper Laboratory designation
“APTG.”

The gyro unit, weighing 1.0 b (0.45 kg), is housed in
a cylindrical case approximately 3 in. (76 mm) long by
2 in. (51 mm) in diameter. Its principal features are
labeled in the cutaway view of figure 5. The gyro rotor,
or wheel, is symmetrical and is supported by opposed
hemispherical gas bearings. In operation, the rotor
spins at a constant speed (24,000 rpm) which is sus-
tained by torque from a pair of hysteresis-ring assem-
blies on the rotor. These ring assemblies are driven by
a pair of AC motor stators. The complete motor, wheel,
and bearing assembly is enclosed in a hermetically
sealed cylindrical “float” (shown in red in fig. 5) which
is filled with hydrogen. The hydrogen provides gas-
bearing support and also serves as a thermal-

conducting medium helping to produce an even tem-
perature distribution over all inside parts of the float
shell. The float is suspended in a support structure
(shown in blue in fig. 5) with no mechanical contact,
except for flexible power leads. The support techniques
involve electromagnetic centering and a highly viscous
liquid for flotation. Temperature of the liquid is main-
tained at a constant 139°F (59°C), to a tolerance of
0.001°F (0.0006°C), partly through the device of a ther-
mal control heater (see fig. 5) and partly through stain-
less steel thermal shims used with the center-flange
mount.

The power leads, which carry electrical power to the
wheel-drive motor, are flexible arched metallic leads
that are submerged in the flotation fluid. Semiflotation
of the leads in the viscous fluid reduces the distorting
effects that occur when the gyro is subjected to high
linear accelerations. The leads have their outer ends
mounted on a baffle plate that has small clearance
grooves for each lead. These grooves are so small that
solidification of the fluid at low temperature cannot
produce shearing forces large enough to damage the
leads.

In further reference to figure 5, an electromagnetic
device with inner and outer concentric magnetic cir-
cuits is located at each end of the instrument. The con-
centric rotor assemblies are mounted on the ends of the
float, and their respective concentric stators are
mounted in the cylindrical housing. The outer circuit in
one end features a signal generator that detects the
rotation of the float with respect to the housing and
produces a polarized voltage signal proportional to the
angle of rotation. The outer circuit in the other end
features a torque generator that is the means for apply-
ing precession torques to the float. The inner circuits on
both ends feature magnetic suspension units to provide
axial and radial centering of the float pivot within the
clearance spaces and thereby eliminate mechanical
pivot-to-jewel friction.

The fluid in the gyro unit supports the float so that
the residual weight carried by the magnetic suspen-
sion, which acts to center the float, is no more than a
small fraction of a gram under a pull equal to one times
the Earth’s gravitational force. Under conditions of
shock, vibration, and linear acceleration, bouyant reac-
tions proportional to the applied specific force are gen-
erated by the fluid. This means that the acceleration
reaction force tending to move the float within the gyro
case depends only on the residual unfloated mass and
not on the total mass of the float. Furthermore, the
float velocity generated by the residual unfloated mass
being acted on by an inertial reaction force is so limited
by the viscous reaction forces of the damping (flotation)
fluid that a time period of 30 minutes to 1 hour is
required for the gimbal to move radially 0.0001 in.
(0.0025 mm) under a force equal to the force of gravity
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schematically in the upper part of figure 6. The orthog-
onal orientation is justified for two reasons: The input
axes correspond to the x, y, and z axes of a Cartesian
coordinate system, and this orientation permits mini-
mizing unwanted torques on the gyro float associated
with any built-in unbalance. The unwanted torques,
any one of which is at a minimum when forces acting on
the gyro are oriented along its output axis, are mini-
mized for the three-gyro set by requiring two of the
output axes to be alined along or near the actual grav-
ity vector acting on the APT system.

Because their thermal sensitivity is greater than
that of other associated components, the three gyros
and their required electronics are arranged in their
own physically separate section of the stable platform.
This makes it easier to provide a benign thermal envi-
ronment for the gyros which ensures achieving the
highest possible performance levels. Uniform tempera-
ture distribution in the most thermally sensitive part
of the gyro—the float containing the spinning wheel —
is enhanced by adopting a center-flange mount (see
fig. 5) for the cylindrical case. The mechanical and
thermal design features provide added insurance for
uniform temperature distribution by specifying a good
thermal conductor from the center-flange mount to the
gyro ends, and a heater and sensor for each end of the
conductor so that thermal disturbances at the mount do
not affect the gyro.

AZIMUTH AXIS

X

ACCELEROMETER
TRIAD

EXPLANATION

SA =SPIN AXIS

IA =INPUT AXIS
OA = OUTPUT AXIS

FIGURE 6.—Gyro and accelerometer arrays for aerial profiling
of terrain system.

Accelerometers

In the hierarchal construction of an IMU, gyros have
been described as the basic or fundamental devices
needed to create a stable platform. Not only are the
changes in attitude of the carrying vehicle, as it pro-
gresses along some path of motion, measured and refer-
enced to this platform, but also other instruments can
be placed on it to measure the resultant of forces acting
upon that vehicle. Accelerometers are the particular
instruments used in the next hierarchal construction
stage for an IMU, and these precision devices accom-
plish the needed specific-force measurements. A quan-
titative detailing of selected accelerometer properties,
along with related excerpts from the classical mechan-
ics, is appropriate in this limited discussion.

The simplest variant of an accelerometer can be pic-
tured (fig. 7A) as a finite mass, M, supported on a
horizontal frictionless slide bearing or base and
restrained horizontally by a spring that obeys Hooke’s
law.* If this accelerometer device experiences an accel-
eration, a, in a horizontal direction as shown, then the
spring must supply a tensile force, F', to make the mass,
M, move along with the base. Through precalibration,
the spring deflection is a measure of that force. Thus,
this simple accelerometer measures F in the general
expression F = Ma which leads to a solution for “a”.
The foregoing solution presumes that no component of
the acceleration is attributable to gravity. If held sta-
tionary, the device can be used to measure the acceler-
ation of gravity by alining its base with the local verti-
cal.

Among the more elegant and sophisticated variants
now in accelerometer devices, the designs particularly
germane to this discussion are those that capitalize, in
part, on the properties of pendulums. The necessary
fundamentals can be drawn from the schematic of fig-
ure 7B in which a simple pendulum of the indicated
length and mass is suspended from a pivot point, P. If
the pivot point experiences a constant acceleration, a,
to the right, as shown, then inertia will cause the mass
to lag behind until the pendulum arm makes the deter-
minable angle, 0, with the vertical. Viewed from P, it
appears that the pendulum has been subjected to a
torque, T, whose magnitude is given by the simple
expression

a=kT ,

where k is a constant relating to the physical charac-
teristics of the system. The key to a rigorous mathe-
matical analysis leading to the foregoing expression is
given by Landau and Lifshitz (1976, p. 11).

4The extension, x, of a spring that is subjected to a tensile force, F, is directly and linearly
proportional to that force; that is, F = —kx, where k is a constant property of the spring.
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If an equal, but opposite, torque is applied to the
pendulum in the foregoing situation, then the pendu-
lum will be returned to its undeflected, or “null,” posi-
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FIGURE 7.—Acceleration-measuring devices.

tion. This encourages, therefore, a slight modification
of the simple pendulum in the manner shown schemat-
ically in figure 7C. The intent now is to monitor with,
for example, a beam of light and the proper photocells
any incipient movement of the pendulum as accelera-
tion occurs. Then, through a correctly designed feed-
back loop, an electromagnetically generated counter-
vailing torque can be applied in just the magnitude
needed to keep the pendulum in its null position. Thus,
a precalibrated torque magnitude becomes the unique
measure of an acceleration, and the desired data can be
read out electrically. Within the limits of the magne-
tization characteristics of the torque motor material
and current supply, the torque magnitude tracks the
changing values of the acceleration. The stability and
linearity of such torquing devices, however, leave
much to be desired.

One significant refinement of the foregoing evolu-
tionary review of selected acceleration-measuring
devices carries the analysis to the particular type of
accelerometer featured in the Survey instrument sys-
tem. That refinement capitalizes on the gyro property
that so precisely relates torque around one axis to an-
gular precession rate around an orthogonal axis. In the
discussion on gyros, the point that this property pro-
vides the means for very precisely generating a small
torque was defined clearly. Such a torque can be used
to restore the foregoing pendulum (fig. 7C) to null.

A cutaway and schematic view of the accelerometer
selected for the APT instrument system is shown in
figure 8. Note that it features a floated gyro similar to
that shown in figure 5 but with one important differ-
ence—a pendulous mass built into the positive end of
the spin axis. This type of accelerometer may thus be
regarded as a floated pendulum with a gyro inside,
magnetically suspended in the radial and axial direc-
tions with an electromagnetic device which can gener-
ate an electrical signal. As the pendulous mass (fig. 8)
attempts to move downward under the influence of
gravity, it tilts the float and, thereby, invokes an out-
put from the signal generator proportional to the angle
through which the float turns.

Note also that the red-shaded structure, including
the float component, is free to turn around a vertical
axis which is also the input axis of the gyro. If rotation
should occur around that axis, then it will produce a
consequent gyro precession torque that will counteract
the tilt of the float. An external servoamplifier and a
servomotor built into the accelerometer housing or case
are the means for providing this rotation. By feeding
the output of the signal generator, with the proper
phase relation, into the servoamplifier, a closed-
loop system is brought into operation wherein the pre-
cession torque of the gyro restores the pendulum float
to the null position and keeps it there under varying
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Feedback Loops

In preceding discussions, particularly those concern-
ing resolvers, accelerometers, and gyros, references
have been made to electromechanical elements whose
function it is to measure angular displacements very
precisely. Little has been said, however, as to the dispo-
sition of such information. An important ingredient in
the ability of a stable platform to remain stable is not
only a capability for sensing the magnitude and direc-
tion of any tilt (angular deviation) away from the
desired stable orientation in three-dimensional space
but also a capability for followthrough with appropri-
ate corrective action. The followthrough is accom-
plished by way of servoamplifiers and drive motors that
deliver electrical signals and mechanical torques or, as
the entire process may be labeled, by way of feedback
loops.

Basically, a feedback loop is a form of automatic con-
trol intended not only to sense the difference between
an input, or reference, signal and an output, or status,
signal but also to reduce this difference, or deviation, as
it may be called, to near zero or acceptable limits. In
examining the simplified electromechanical feedback
loop, shown schematically in figure 13A, start at the
electrical input signal, V;, which is passed through the
deviation sensor, a device that algebraically sums or
compares it with the electrical signal, V, being fed
back through the loop. Now, proceeding clockwise
around the loop, the resultant deviation signal, Vg,
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FIGURE 13.—Schematized feedback loops.

from the deviation sensor is fed electrically into a ser-
voamplifier from which suitable energy flows to a
motor which must provide the mechanical muscle out-
put to operate a controlled element in some desired
way. As this element is moved, an electrical pickoff
device generates load movement data which, in effect,
is the feedback signal, V¢, which is relayed to the devi-
ation sensor, thereby closing the loop. Thus, the for-
ward part of the loop performs the control function, and
the back part,the status-report function. The loop sys-
tem works continuously to bring the deviation toward
zero; that is, to reach and maintain a null position or
balance so that V; = V. This action of the loop not only
overcomes internal forces, such as friction, but also op-
poses external disturbances, all of which tend to force
the controlled element into undesired movements or
positions.

Two characteristics are significant in describing
feedback loops. First, the controlling signal is not only
a measure of a deviation, but it triggers a response in
the direction needed to diminish that deviation. Sec-
ond, design art must be applied to a determination of
the rate at which the deviation is to be diminished so
that the controlled element or load does not overshoot
the desired position. Commonly, the disturbances act-
ing on the controlled element are changing continu-
ously, and, ideally, the feedback loop will follow those
changes closely. However, as the loop response is quick-
ened, the entire system bcomes less stable, and a point
is reached at which it can be made to break into oscilla-
tion, or jitter. Thus, the real art is in designing the loop
to be fast enough to perform its assigned task while
properly limiting overshoot so as to remain stable. In
general, stability is assured by incorporating compen-
sation elements which precisely set the phase and am-
plitude relations throughout the loop.

In the IMU for the APT system, feedback loops play
a vital role in enabling the stable platform to maintain
continuously its proper orientation in three-
dimensional space. A convenient example of one such
loop may be taken arbitrarily from the stabilization
servo loop designed and constructed to serve one of the
three gyros on the stable platform. In this case, the
desired position is given by the gyro null (V; = 0). Any
incipient tilt of the stable platform in any particular
direction may be subdivided into three orthogonal com-
ponent tilts (rotational movements) around the three
orthogonal input (sensitive) axes of the gyros. Now,
consider just one given gyro (fig. 13B). It will detect the
incipient or small component tilt around its input axis
and feed this information, as an angular deviation sig-
nal, V¢, back to the deviation sensor. Because V; is zero,
the output of the deviation sensor is simply (—Vy), the
deviation signal, which is fed to the servoamplifier.
Continuing clockwise around the schematic (fig. 13B),
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the amplifier feeds electrically into a gimbal torque
motor which provides the amount of power needed to
rotate the platform and to begin to offset the component
of tilt the gyro has detected. The electrical pickoff in
the gyro monitors the restorative movement and relays
these data on around the loop as a new and diminished
feedback signal, Vg, into and through the deviation sen-
sor for repetition of the cycle, if necessary. The system
works continously to eliminate any angular deviation
and to reach and maintain the desired null position. In
doing this, the loop must oppose the variety of extrane-
ous factors, such as internal friction or air turbulence
on or motion of the carrying aircraft, that materialize
as disturbance torques on the stable platform, tending
to force it into undesired movements or positions.

Although figure 13B may be oversimplified, the prin-
ciples are valid, and, if three such individual feedback
loops are envisioned to serve the three respective gyros,
then their combined performance provides the capabil-
ity for holding the stable platform continuously in the
desired orientation. This design is more complicated,
however, than immediately meets the eye. Because the
three loops act on a common element, the stable plat-
form, and,because some nonorthogonality may have
been built inadvertently into the platform mechaniza-
tion, the loops could interact in the sense of cross cou-
pling, which could then lead to oscillatory instabilities.
This does not happen, however, simply because the
problem has been recognized, studied, and solved by
matching the dynamic characteristics of the respective
loops against each other. Thus, the design choices have
been made from a broad background of experimental
data and experience.

Electronics

In the IMU, the electronic design concepts emphasize
nonlinear techniques to minimize electrical power
losses and standardization (insofar as possible) through
diligence in recognizing common requirements. The
electrical circuits are partitioned so that only the preci-
sion control portions associated with the inertial in-
struments are located on the stable platform. This in-
cludes circuits for a telemetry system to provide
state-of-health information about the inertial compo-
nents. Other circuits, such as those involving power
supplies and resolver encoders, are kept external to the
stable platform and gimbal system. The external cir-
cuits also include the capability for torquing the gyros.

The electronic design embraces electrical circuits
that are the means for creating the stabilization sub-
system, which must isolate the stable platform from
aircraft angular motion as has been described function-
ally in the preceding section. Three individual stabi-
lization circuits or loops (azimuth, elevation, and roll)

are needed to separate out all possible angular motion
of the aircraft and to maintain the stable platform at
the desired orientation. The three individual loops are
shown schematically in figure 14, but their explana-
tion should be followed with frequent reference to the
schematic for the IMU support structure (see fig. 10).

Note first (fig. 14) that the deviation signals for in-
structing the gimbal torque motors come from the gyro
signal preamplifiers located on the stable platform.
Now, with respect to the azimuth stabilization loop,
obviously any “yaw” motion of the aircraft simply
tends, because of slight amounts of friction in the gim-
bals, to drag the stable platform around its azimuth
axis, and the deviation signal from the z gyro is, there-
fore, fed (fig. 14) directly around the loop to the az-
imuth axis torque motor to null out the incipient gyro
motion.

Next consider the elevation stabilization loop which
obviously concerns aircraft “pitching” motion. Such
motion tends, because of friction, to drag the elevation
gimbal around the elevation axis which can prompt
deviation signals from either one or both of the x and y
gyros (depending on aircraft heading) as the stable
platform begins to tilt away from its locally level posi-
tion. These signals (proportional to the x and y compo-
nents of the pitching motion) are fed to the primary
windings of the gyro signal resolver (fig. 14). One sec-
ondary winding is alined with the elevation axis to
supply the elevation component signal that traverses
the elevation loop to the elevation axis torque motor.
The object is to null out the incipient pitching motion
as measured by either one or both of the x and y gyros
as appropriate.

Finally, consider the roll stabilization loop which ob-
viously concerns aircraft “rolling” motion. Such mo-
tions tends to drag the roll gimbal around the roll axis
which, again, can prompt deviation signals from either
one or both of the x and y gyros (depending on aircraft
heading) as the stable platform beings to tilt off level.
The roll signal is supplied by the other secondary wind-
ing of the gyro signal resolver and traverses the roll
loop to the roll torque motor. And, again, the object is
to null out the incipient roll motion as measured by
either one or both of the x and y gyros as appropriate.
The reduction in gain in the roll loop, due to aircraft
pitch angle, has no practical effect on servo perform-
ance in isolating the stable platform from aircraft
motion.

Just before the start of a flight mission, the IMU
must be leveled approximately and oriented with re-
spect to geographic north and east in preparation for its
self-alinement procedures. Thus, provision is made for
operating the three gimbal servoamplifiers and their
torque motors independently in an angle-command
mode under computer control. In this mode, the error
signal for each servoamplifier is formed when the com-
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cabin. Thus, a variable-speed fan, also mounted on the
elevation gimbal, is required (fig. 15) to circulate the
air in this outer loop. Suitable control of the variable
speed is achieved through a thermistor sensor placed in
the inner air loop. By choosing its location (fig. 15) in
the inner chamber of the dual-chambered heat ex-
changer, it serves as an early-warning device to fore-
stall any change in air temperature that might alter
the steady and known rate of heat dissipation required
for the stable-platform enclosure.

Evolution of the preceding thermal control concepts
had considerable impact on the design shapes for the
stable platform and the internal electronic modules
that are mounted thereon. Figure 15 is highly sche-
matic to illustrate the thermal concepts. A more de-
tailed and realistic view is shown in figure 16, which
also identifies the inner and outer air loops.

In brief, air moves around the inner loop from the
output of the constant-speed fan (at top center of the
elevation gimbal) downward through the inner cham-
ber of the dual-chambered heat exchanger, then up-
ward through the heat exchanger that encloses the sta-
ble platform, and finally back to the intake side of the
fan.

Air moves around the outer loop from the output of
variable-speed fans (near the top of the elevation gim-
bal) downward through the enclosure formed by the
support housing, or case, then upward through the
outer chamber of the dual-chambered heat exchanger,
and finally back to the intake sides of the fans. Al-
though two variable-speed fans are shown in the verti-
cal section of figure 16, some tests have suggested that
a three-fan array may be preferable, spaced 120° apart
in plan view, for better symmetry of air flow. When a
prototype of the APT system is built entirely to the
basic design specifications, it will feature the most ap-
propriate array.

In the realm of temperature control, the outer air
loop is really a coarsely controlled buffer zone between
the outside world (aircraft cabin), where the virtually
uncontrolled ambient temperature range is large, and
the inner air loop, where control is precise and tight.
The outer air loop connects with cabin air through an
annular plenum chamber, which is protected by the
annular inlet air filter shown in the lower part of figure
16. The fan shown passing through this chamber and
filter can exhaust air to the cabin from the outer air
loop. The coarse control, whereby the temperature
range is held between 110°F (43°C) and 120°F (49°C), is
simply the manipulation, as needed, of this fan and
electrical heaters in the outer loop.

The foregoing details concerning temperature con-
trol constitute a fairly rigorous portrayal of what was
envisioned in the original design for the APT system.
The changes wrought by the decision to build the first
prototype with surplus Air Force gyros and accelerom-

eters are summarized most significantly by noting the

following temperature regimen that is to be main-

tained:

1. Viscous fluid which buoys floats for gyro and ac-
celerometer rotors, now to be held constant at
135°F (57°C).

2. Inside stable-member package (see figs. 15, 16), now
to be held at 180°F (42°C).

3. Outer air loop (figs. 15, 16), which is the space be-
tween the elevation gimbal and the support hous-
ing, or case, now to be held at or near 66°F (19°C).
Cooling coils, built into the housing, will circulate
fluid at 59°F (15°C), as needed.

4. Aircraft cabin air, around the outside of the hous-
ing, will now be conditioned (heated or cooled), to
be held in the range 70°F (21°C) to 80°F (27°C).

Performance Dynamics

The preceding sections have described the principal
individual components, structures, and subsystems
that comprise the IMU, the heart of the inertial naviga-
tor. In the functioning airborne APT system, the iner-
tial navigator must be supplemented by other ele-
ments, such as the laser tracker and the onboard data
processing unit. Before venturing into descriptions of
these other key elements, however, it is appropriate to
introduce and explain some of the performance dynam-
ics that will be required of the inertial navigator. The
intent is to explain by relying primarily on physical
and geometric concepts that appeal to the intuition
rather than on rigorous mathematical proofs. The lat-
ter are available in a number of excellent textbooks,
several of which are in the list of references at the end
of this paper (see especially Britting, 1971; Broxmeyer,
1964; Pitman, 1962).

A variety and substantial number of inertial naviga-
tion systems have been conceived, designed, and built
over the past three decades. Most system types have
been demonstrated successfully in flight, and some are
now in regular production and use. The choice of a
system depends on the particular flight application in-
tended, and, as stated earlier (see section titled
“Inertial Navigator”), the IMU for the APT system was
chosen to be mechanized in a tangent-plane orienta-
tion. This means that, to a very good approximation,
two axes (x and y) out of the set of three orthogonal
axes, created by the stable platform in the IMU, will at
all times define a plane perpendicular to the actual
gravity direction at the position where the alinement
took place.

All inertial systems require measurement of the
magnitude and direction (referenced to the stable-
platform x-y-z axis orientation) of the specific force vec-
tor acting on the carrying vehicle, and all must cope
with the fact that the force of gravity is indistinguish-
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able from the force associated with acceleration of the
vehicle when it is in motion; that is, only their vector
difference can be measured.

Because the inertial navigator in the APT system
will always operate in a near-Earth environment, with
emphasis on high-precision measurements in a rela-
tively localized survey area, it is especially important
to develop first a clear understanding of how the iner-
tial navigator “feels” or senses that environment before
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any motion of the carrying vehicle is considered. This is
tantamount to defining the initial or starting condi-
tions for the inertial navigator because it is basically a
dead-reckoning device, and these initial data must be
given to at least the precision required during subse-
quent operation of the system as a navigator.

Every point on Earth has a gravity vector associated
with it; that is, the acceleration due to gravity has a
specific magnitude and direction. When the vehicle
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orientation is simply accounted for as a rotation of the
set by some angular amounts around the x and z axes.

The angular amount around the z axis (Rot,) can be
equated immediately to the convergence, O, of the me-
ridians between the two points. This follows by visual-
izing the spherical geometry in figure 17 and by noting
that, with no rotation allowed around the y axis, the
only rotation that can keep the x axis pointing north is
that which occurs around the z axis, and it must equal
0. Geodesy texts (see, for example, Hosmer, 1948, p.
288) give the value of O (for a spherical Earth) as the
product of the angular change in longitude, A\, and the
sine of the chosen parallel of latitude. In simple math-
ematical form, this means

Rot, = © = |A\ sin @] .

This relation can be tested immediately for agreement
with the descriptions already given on how the set of
three coordinate axes must be rotated for east-west
changes in location of the inertial navigator along ei-
ther of the two limiting parallels of latitude. Thus, at
the equator (® = 0°) obviously © will be zero, which
signifies no rotation around the z axis as alternate loca-
tions are considered around that latitude. At the other
limit, as ® approaches 90°N, O closely approaches A\,
which signifies that, in the limit, all the rotation will
be around the z axis. Agreement, therefore is achieved.

All that remains now is to specify, in the above situ-
ation, the angular amount of the required rotational
component about the x axis (Rot,). Again, it is impor-
tant to visualize the spherical geometry by studying
figure 17. Note that Rot, is the only means (with no
rotation allowed around the y axis) for keeping the z
axis pointing in the direction of the local vertical, and
the magnitude of this rotation is measured by the
length of circular arc, along the parallel of latitude,
that represents the eastward or westward change in
location from one point to another. This circular arc is
the measure of the angle through which the z axis must
be swept to stay properly oriented as a consequence of
the eastward or westward change in location. For a
given change in longitude, A\, the length of circular arc
is obviously a function of the latitude, ®, and, from
texts on spherical geometry (see, for example, Ayres,
1954, p. 188), this is given (for a spherical Earth) as the
product of A\ and the cosine of the particular parallel
of latitude. Thus, in simple mathematical terms,

Rot, = |A\ cos @| .

If this relation now is tested for agreement with the
earlier observations on conditions to be met for east-
west differences in location of the inertial navigator
along either of the two limiting parallels of latitude,

then there follows:

1. At the equator (® = 0°), Rot, = |A\|.

2. Near the pole (d—90°N), Rot, — 0.

Once again, agreement is achieved, and the foregoing
developments have supplied the needed corollary piece
of orientation knowledge for the set of three axes, in
assessing the effect of “eastward” or “westward” com-
ponents of changes in the location of the inertial navi-
gator on or over the Earth’s surface.

In a summary and generalized way, therefore, the
change in orientation of the set of three orthogonal
axes, with changes in location of the inertial navigator,
is described in the following succinct form: For north-
ward (+) or southward (—) components of location
change,

For eastward (4) or westward (—) components of loca-
tion change,

Rot, = A\ cos @,
Rot, =0,
Rot, = —A\ sin ®.

Note the positive and negative conventions adopted for
changes in location in each of the four cardinal direc-
tion. As for angular rotational movement of the set of
three axes, the positive sense is in accord with the
right-hand-thread rule. Heretofore in this section, only
rotational magnitudes have been shown with no regard
for positive or negative directions.

To a degree, the preceding discussion has anticipated
how the inertial navigator senses the Earth’s rotation.
Obviously, if eastward changes in location are ana-
lyzed with respect to how the orientation of the x-y-z set
of axes in the stable platform must be changed, then
this is very close to analyzing for Earth rotation. The
picture can be enhanced, however, by observing
(fig. 17) how the Earth’s rotation is indicated by a vec-
tor, 6, drawn (in light green) vertically upward along
the polar axis from the Earth’s center, C. The length of
this vector represents the magnitude of the constant
angular velocity; the direction of the vector (right-
hand-thread rule) signifies that the Earth’s rotation is
easterly, as shown by the small circular arrow near the
upper limit of the polar axis. Because every point on
Earth rotates in the same direction and at the same
angular velocity around the polar axis, a similar vector
is drawn (in light green) vertically upward at each of
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the points P;, P,, and P;. Thus, in the same way that
the vector drawn at point C represents a complete
statement on the magnitude and direction of rotation of
the ellipsoidal Earth, so the vectors drawn at Py, P,,
and P; represent complete statements on the same
magnitude and direction of Earth rotation at these
points.

It is now a relatively easy step to account properly for
the Earth’s rotation simply by resolving the rotation
vector into its equivalent components along the x-y-z
axes of the stable platform. Noting the situation at P;,
P,, and P; (fig. 17), no component will be in the y-axis
direction as long as the stable platform stays correctly
oriented. At P; (on the equator), the entire vector, (1, is
in the x-axis direction. Thus, for any location on the
equator, the stable platform needs only to be rotated
around its x axis at the full magnitude, Q. Similarly, at
point P3, as locations are visualized progressively
nearer the pole, the limit indicates that the entire vec-
tor, ﬁ, is in the negative z-axis direction. Thus, the
stable platform needs only to be rotated around its z
axis at the full magnitude, (, in the negative direction.

A general statement can now be drawn, for any iner-
tial navigator location in the northern hemisphere,
describing how the stable platform must be com-
manded to preserve its correct orientation despite the
rotating Earth. The ingredients for this statement
emerge from the situation at P, (fig. 17). Note first that
the Earth’s rotation vector, €}, can be resolved into an
equivalent set of two components, Q,, and (), , along
the x axis and z axis (extended), respectively. Nzote also

that the angle between '3 and the x axis is the latitude,
®,. Thus,
Q,, = Q cos @, and Q,, = ~Q sin @,.

For any latitude, ®, therefore, the general statement
simply requires a constant rate of rotation of the set of
axes, and, by implication, the stable platform of the
IMU, so that the component rotational rates are

w, = { cos ®
o, =0
w, = —{1 sin P,

where w,, wy, and o, signify the component angular
rates of rotation of the stable platform around the indi-
cated axes.

The above expressions are very similar to those de-
veloped from the spherical geometry (for analyzing
eastward components of change in inertial navigator
location) if ) is recognized simply as analogous to a
time rate of change in the longitude, A\.

An added comment is appropriate concerning the
technique for rotating the stable platform of the IMU at
some stipulated angular rate about any one of its three
axes; for example, suppose the stable platform is to be
rotated around its x axis to satisfy the relation

w, = () cos ®.

From the earlier discussion on gyro and from the sche-
matic (fig. 6) showing the three-gyro array, note that
the input axis of the x gyro is the axis around which the
specified rotation must occur. For this to happen, a
properly proportioned torque must be applied around
the output axis of the x gyro, which, thereby, causes
that gyro to rotate (precess) around its input axis. The
IMU, then, through the appropriate servo loop, discov-
ers that the null balance of the x gyro has been dis-
turbed and, in seeking to reestablish that balance, com-
mands the proper gimbal torque motors to rotate the
stable platform the desired amount and in the desired
direction.

For simplicity, the discussion thus far has considered
only the principal environmental features of an ideal-
ized symmetrical and homogeneous Earth. Validity
has not been jeopardized by this approach, however.
The steps remaining to achieve a completely rigorous
analysis of all environmental parameters in the real
world are definable and can be taken into account in a
straightforward manner. They have been painstak-
ingly detailed in a number of texts on inertial guidance
and navigation (see, for example, Britting, 1971;
Draper, Wrigley, and Hovorka, 1960). Thus, much is
known about the distribution of gravity disturbances
and how they influence the accelerometer outputs.
Also, much is known about the exact configuration of
the Earth and how it departs from the idealized shape
of an ellipsoid.

It is hoped that the Earth-environmental stage has
now been set completely enough so that perspectives on
the performance dynamics of the inertial navigator can
be further enlarged. The approach here is to envision
the system installed in the carrying aircraft, then to
examine the basic steps needed to accomplish initial
alinement, and finally to allow the aircraft to be flown
and to describe how the inertial navigator can develop,
in a dynamic way, a continous record of the flight path,
referenced to the onboard set of three coordinate axes
which, in turn, are keyed to local latitude, longitude,
and elevation.

To accomplish the initial alinement of the inertial
navigator, it must be presupposed that the aircraft in
which it is mounted is at rest over a point on the airport
parking ramp for which the coordinates of latitude,
longitude, and elevation can be given. These data may
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be supplied to whatever accuracy is obtainable from the
best available local map, as long as the uncertainty in
location is no more than +200 ft (61 m) for the horizon-
tal coordinates and +10 ft (3 m) for the vertical. The
vertical criterion really comes from the precision with
which an aircraft altimeter (a special pressure trans-
ducer) can be read while navigating enroute to the sur-
vey site. As a reference guide, the positional accuracy
for locating a well-defined point on a representative
Survey standard 7.5-minute quadrangle map is ap-
proximately +40 ft (12.2 m) for the horizontal coordi-
nates and plus or minus one-half the contour interval
for the vertical. In nonmountainous terrain, the con-
tour interval is commonly 10 ft (3.0 m), and, thus, the
vertical coordinate data are accurate to =5 ft (1.5 m).

The foregoing coordinate data constitute the neces-
sary initial position information for the inertial navi-
gator. The remaining requirements for describing or
establishing the initial conditions are satisfied by not-
ing that the speed of the aircraft is zero and by manu-
ally commanding the x, y, and z axes of the stable
platform of the IMU to settings within a few degrees of
the desired tangent-plane orientation. The proper com-
ponents of Earth rotation, precomputed for the latitude
given in the initial position data, now are translated
into precession torques that are applied to the output
axes of the x and z gyros. The y gyro need not be
torqued inasmuch as its desired orientation is with its
input axis perpendicular to a meridian plane of the
Earth (see fig. 17) which means it then will not sense
any Earth rotation.

At this point in the procedure, the stable platform
probably will be out of the intended tangent-plane
alinement by a few degrees and will be slowly drifting
more out of alinement by whatever components of
Earth rotation the misalined gyros sense. Next, the
three accelerometers are read, and their outputs re-
solved into components along the x and y axes. The
amounts by which these components disagree (ideally,
the disagreements should all be zero when the stable
platform is level) indicate the tilt remaining in the
stable platform with respect to the horizontal plane and
represent the amounts by which it must still be rotated
around its x and y axes to reach the tangent-plane
condition. The required amount of rotation, around, for
example, the y axis is, to a first approximation, the
arcsine of the x component of the gravity vector, g,
divided by the full gravity vector, g. To accomplish the
leveling, the x and y components of accelerometer out-
puts are fed through appropriate circuits to the tor-
quers of the y and x gyros, respectively. Precession of
the gyros, in combination with the action of the gimbal
servoamplifiers and torque motors, then rotates the
stable platform to the desired level condition.

Initial leveling may be accomplished in a minute or
two using relatively high gains in the torquing loops.
Meanwhile, azimuth misalinement (failure of x axis to
point true north) will continue to cause the stable plat-
form to rotate around the y axis as the y (east) gyro
senses a component of Earth rate proportional to the
misalinement angle multiplied by the latitude. The
component of gravity along the x axis, measured by the
accelerometers as the stable platform rotates off level,
is fed to the z (azimuth) gyro with appropriate gain to
null the azimuth error. The dynamics of this process,
called gyrocompassing, are very much slower than for
leveling. At least 15 or 20 minutes are necessary to
accomplish the azimuth alinement. Final alinement in
level and azimuth takes place with the leveling and the
gyrocompassing loops in operation.

At this juncture, let it be assumed that the inertial
navigator, as part of the APT system, has successfully
completed all initial alinement steps. Although sta-
tionary in a parked aircraft for the moment, it is ready
to navigate.

The aircraft engines now are started, and, as the
aircraft moves along the taxiways toward the depar-
ture runway, the accelerometers sense (measure) this
new movement, as well as any changes in local gravity,
in terms of the equivalent three component movements
along the x, y, and z axes of the stable platform. From
the earlier description of the accelerometers, it should
be noted that the measurement data actually recorded
are in units of velocities, v, inasmuch as these instru-
ments have automatically accomplished one integra-
tion of the specific force sensed.

The component velocities (ground speeds) v, and v,
are for the north or south and east or west directions,
respectively. These are velocities along the Earth’s sur-
face or perpendicular to its radius of curvature and to
the direction of gravity (local vertical) at the alinement
point.

In a dynamic way, therefore, the inertial navigator
performance, as it defines changes in the two horizon-
tal coordinates of position, can be described as a closed-
loop system with two built-in stages of mathematical
integration. The first stage is built into each accelero-
meter; the second stage is executed by the on-board
computer. The mathematical designation for such a
loop is a “second-order system,” and this one is un-
damped. In the mathematical equation that describes
the performance of this system, the relative values of
the coefficients signify that the system is prone to oscil-
late. For this closed-loop system, if there should be an
error in the initial conditions as, for example, a slight
tilt of the stable platform off tangent-plane orientation
(that is, the z axis not quite coinciding with the plumb
line of the actual gravity vector as navigation begins),
then the accelerometers will sense gravity components
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proportional to the tilt magnitude and direction. These
are integrated once in the sensing process and again in
the computer; they are approximated by dividing re-
spectively by the northerly and easterly radii of Earth
curvature and integrating continuously to obtain air-
craft position. As successive cycles of events are com-
pared, the change in output of the loop or the loop
“gain” must be a function of g/R, where R is an appro-
priate value of Earth radius. This ratio of an accelera-
tion divided by a length, coupled with the idea of an
oscillating system, leads to the concept of a pendulum
of arm length, R, subject to gravitational acceleration.
The period at which such a pendulum would oscillate
may be shown by simple computation to be 84.4 min-
utes. In the inertial navigation literature, this is
termed the “Schuler period,” and it characterizes this
closed-loop system that defines changes in the horizon-
tal coordinates of position. The important point is that,
although the initial condition errors, as well as some
other errors that reflect hardware imperfections, cause
oscillations in the computation of position and velocity,
the loop exhibits neutral stability; that is, it does not
“run away” (oscillations steadily increase).

To this point, the discussion has presumed ideal or
perfect inertial instruments. However, the minor
asymmetries known to be present in such instruments
cause errors in alining the IMU. Thus, a bias in an
accelerometer output causes an error in leveling the
stable platform or a drift bias in the y (east) gyro causes
a misorientation in azimuth. To forestall these kinds of
problems, the final stage in fabricating the IMU is to
run it through an elaborate one-time program of labo-
ratory calibration exercises. These serve to measure
and document, very precisely and systematically, the
magnitude, sign, and, sometimes direction in space of
such parameters as scale factors, biases, gyro drifts,
gravity-sensitive unbalances, and mechanical mis-
alinements. Such data are enhanced by additional cali-
bration exercises in the aircraft before each flight, and
the combined data are stored in the onboard computer
memory for subsequent operational use as appropriate.

Thus far, the aircraft has simply been taxiing along
the ground, and the discussion, therefore, has focussed
first on processing the accelerometer outputs to yield v,
and v, data, inasmuch as the principal motion is in
these two horizontal coordinate directions. However,
the vertical position accuracy specified for the APT sys-
tem, in its operational surveying mode, is of such a
high order [+0.5 ft (0.15 m)] that data from a baromet-
ric altimeter will not suffice, and the system must be
capable of determining vertical-coordinate (elevation)
information as well as horizontal. The mechanization
of this capability has certain unique characteristics
and requirements.

After the IMU is initially alined, with the aircraft
standing in place (zero velocity) over a known point,
the accelerometers can measure continuously the ac-
tual gravity vector. Their respective measurements are
mutually orthogonal components, integrated once, of
the specific force vector that acts on the aircraft. These
measurements are resolved continuously in the com-
puter into components along the x, y, and z coordinate
axes of the stable platform, but, because, in this case,
the aircraft is not moving, the resolution yields a
stream of measured values of integrated specific force
representing the resultant force along the z axis only.
These values, which have the dimensions of velocity,
increase linearly with time because only the gravity
vector is acting, and they are, thus, the “zero” reference
for subsequent computations of vertical velocity when
the aircraft moves. The zero reference or initial value
for the vertical coordinate of position (the “elevation”
coordinate) is determined from the known elevation of
the point over which the aircraft is standing.

When the aircraft moves (taxis), the aforementioned
accelerometer-measurement and computer-resolution
processes continue, but now the stream of values that
represent the changing vertical velocity must be fur-
ther processed. The appropriate zero reference values
are subtracted, and the results are integrated over dis-
crete (small) time intervals to yield vertical distances
that signify changes in the elevation coordinate of air-
craft position. As each new elevation coordinate is de-
termined, it must be fed back through a computer pro-
gram which describes how the gravity magnitude
changes with altitude. After one integration, each new
or adjusted gravity value is subtracted from the next
z-axis component of the integrated specific force as
derived from the continuing accelerometer measure-
ments®. The measurement and computation processes
continuously progress, or cycle, in this closed-loop man-
ner and include compensation for the “Coriolis acceler-
ation” (described later in this section).

Again, the mathematical designation for such a
closed loop is a second-order system, and it also is un-
damped. Now, however, an important difference in the
mathematical equations that describe performance of
the elevation-coordinate loop, as contrasted with the
horizontal-coordinate loops, arises from the fact that
the Earth’s gravitational field changes with altitude;
that is, decreases as altitude increases. The practical
consequence is that, whereas in the neutrally stable
horizontal-coordinate loop the errors were oscillatory

5In practice, two models of the gravity field are used, one in real time and the other in
postprocessing. The real-time model is simply “1 g”; that is, the gravity field of an idealized,
rotating, ellipsoidal Earth. This model permits the accelerometers to deliver information
which, to a first approximation, is the desired inertially referenced specific force. The
postprocessing model is more elaborate, designed to specify departures of the actual gravity
field from the idealized one.



INSTRUMENT SYSTEM 35

and described with sine and cosine functions, now the
errors for the elevation-coordinate loop are described in
terms of hyperbolic sine and cosine functions which
grow exponentially, doubling in value every 395 sec-
onds. Thus, the mathematical solutions for the per-
formance equations are seen to “diverge,” and the
elevation-coordinate loop is not stable and tends to run
away. A bias error of only one-millionth g, in determin-
ing a new or refined gravity value for a new elevation
coordinate of position, therefore, can grow in 3 minutes
to an error of 6 in. in the vertical position.

Because of the foregoing inherent instability prob-
lem, the inertial navigator alone is incapable of meet-
ing the stringent positioning requirements. A source of
position-related measurement data external to the in-
ertial navigator, therefore, must be supplied at regular
intervals during system operation; this external infor-
mation is acquired by the “laser tracker,” described in
the section so titled. Enroute from the alinement and
takeoff location to the field survey site, error growth in
the elevation-coordinate loop is limited by using data
from a very precise pressure altimeter to compute and
reset the vertical coordinate of position. Earth radius
also is recomputed from these data (accurate to about
five parts in a million) and used in the horizontal-
coordinate loops.

The Coriolis acceleration, mentioned above, deserves
limited elaboration here. Succinctly stated, this effect
represents an “apparent” acceleration that arises be-
cause the inertial navigator is required to keep track of
its velocity and position in terms of a three-coordinate
scheme of reference (latitude, longitude, and elevation)
that is tied to a rotating Earth. The inertial navigator
must use accelerometer measurements that are af-
fected by that rotation. Newton’s laws of motion ap-
plied to the rotating reference scheme define the
Coriolis acceleration term (see, for example, Britting,
1971, p. 17-18).

A more meaningful description, couched in terms
that reflect a real-world phenomenon, hinges upon
careful definition of where the observer is, and his state
of motion, when he witnesses the Coriolis effect. First
imagine the observer to be stationed out in space so
that he sees the stars as stationary or fixed and he sees
the Earth, as it appears in figure 17, rotating about its
polar axis. If an artillery gun at P, were to fire a shell
horizontally (tangent to the Earth) in, for example, an
easterly direction, then the space observer would view
its initial path of motion as an undeviating straight
line lengthening eastward. He would mathematically
describe it, simply and correctly, using a straightfor-
ward application of Newton’s laws in the presence of
the Earth’s gravity field. Now imagine the observer on
the Earth at P, and fire a second shell in the same

manner. The initial path of motion to the earthbound
observer “appears” to curve steadily upward and to his
right, departing more and more from the desired east-
erly direction which, for the rotating Earth, is defined
by the parallel of latitude through P,. The observer,
with recourse only to earthbound reference schemes,
finds that the complete mathematical description of the
observed curving path of motion requires an added
term in the application of Newton’s laws. This reconcil-
ing term, which accounts for the shell’s apparent accel-
eration upward and to the right of the easterly direc-
tion, is the Coriolis acceleration.

Although the foregoing description has, for conve-
nience, featured a projectile in flight, the principle is
equally apt for aircraft flight. Thus, the dynamic per-
formance of the inertial navigator includes appropriate
compensation inputs to offset the Coriolis acceleration.

A logical conclusion for this section on performance
dynamics occurs when the aircraft reaches the depar-
ture runway and takes off. The inertial navigator sim-
ply continues to perform in the dynamic manner de-
tailed throughout this section. As the aircraft gains
altitude and normal cruising speed, however, the re-
spective changes in elevation, latitude, and longitude
rates become far more dramatic than those occurring
during the taxi operation. Through the onboard com-
puter, these data are processed as a continuous stream
of position-coordinate information which is not only fed
into updated computer memory, but also recorded on
tape to document the aircraft flight path.

External Measurement Requirement

In the very early stages of shaping this instrumenta-
tion development project, before the first phase of con-
tract work at Draper Laboratory was formalized, the
stipulation for achieving position measurement accu-
racy of 0.5 ft (0.15 m) in the vertical coordinate direc-
tion was recognized as invoking a requirement for up-
dating the inertial navigator at 3-minute intervals.
The origin of this requirement is found in the mathe-
matical expression that describes how accelerometer
measurement errors develop in the vertical direction as
a function of time. It turns out that the time span, t,
between updates is closely approximated by the famil-
iar relation

s = (1/2) at 2,

where s is the 0.5-ft (0.15-m) allowable position error in
the vertical coordinate, a is the error in measuring
vertical acceleration, which is relatable to performance
characteristics of the accelerometers, and t is the time
interval over which the allowable 0.5-ft (0.15-m) posi-
tion error develops. A value for a that reasonably typi-
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fies the APT system accelerometer is 1 X 10 %g, where
g is the standard acceleration due to gravity, or 32.2
ft/s? (9.8 m/s?). Substituting in the foregoing approxi-
mation and solving for t yields a value of 176 seconds or
3 minutes.

The update requirement is satisfied at a given in-
stant by feeding into the computational procedures,
which produce the indicated position data, very precise
observations of the carrying vehicle’s (aircraft’s) veloc-
ity vector and position in three-dimensional space.
How to make such observations from an aircraft in
flight was the real challenge.

At the beginning of the 6-month engineering analy-
sis made by Draper Laboratory, it was believed that
observations of aircraft velocity could be made at the
desired 3-minute intervals by the laser profiler if it
were aimed at and electronically locked onto a retrore-
flector target at a known ground-control point. By col-
lecting (while locked on) a stream of slant-range,
azimuth-angle, and dip-angle data, all referenced to
the orientation (three coordinate axes) and position of
the onboard IMU stable platform, the laser profiler
would yield the information needed to compute very
precisely the aircraft velocity vector.

As the analysis progressed, however, it became ap-
parent that the primary function of the laser profiler
should not be interrupted to the extent represented by
the inertial navigator update requirement. Further-
more, a laser-ranging device, which is obliged to oper-
ate generally with uncooperative targets (terrain fea-
tures), should be designed very deliberately and
exclusively for the purpose. In sharp contrast are the
design requirements for a similar device scheduled to
operate only with cooperative targets (retroreflectors).
And, finally, it was recognized that, for those applica-
tions of the APT system where terrain profiling was not
a requirement, the system should be self-sufficient
without the laser profiler and be able to perform its
basic function of carrying a three-coordinate reference
frame for other ancillary equipment as dictated by the
particular application. Thus, the idea of a laser ranging
or tracking device, integral with the IMU, evolved.

Electro-optical, mechanical, and operational details
of the laser tracker are given in the next section. The
need for the range and angle data obtainable through
the operation of such a device relates to the character-
istic inherent in any inertial system whereby its indi-
cated position and orientation slowly deviate from the
true values. The deviation reflects the combined inac-
curacies originating in the performance of the three
gyros and three accelerometers, each one of which
drifts very slowly.

The practice of aiding or updating an inertial meas-
urement unit is well established and not unique to the
APT system. An element of uniqueness, however, lies

in the overall accuracy specified for the system, and
this obviously can be no better than that of the updat-
ing technique and equipment.

In essence, the update procedure can be regarded as
a tripartite affair that involves aiding the inertial
measurement unit in tracking vertical motion of the
aircraft with updates from a very sensitive baroaltime-
ter, while navigating to the survey site; fine calibration
of the instrument system when it is first flown over the
survey site; and subsequent updating adjustments to
the system at no longer than 3-minute time intervals
throughout the flight mission to hold performance
within the stipulated precision limits.

The boroaltimetry is accomplished with a pressure
transducer connected to a suitable static-air-pressure
port on the aircraft. Transducer details are described in
the “Laser Tracker” section of this paper.

The calibration exercise requires flying a specifically
defined path over and around a sequence of three
retroreflector targets prepositioned on three ground-
control points, chosen so they are not in a single
straight-line alinement. The x, y, and z coordinates
(latitutde, longitude, and elevation) must be deter-
mined or known for each control point before the flight
mission. Although not a requirement, the availability
of a gravity measurement at each control point would
simplify the inflight calibration procedure.

Laser Tracker

The manner in which the need for a laser tracker
component evolved is described in the preceding sec-
tion. The design of the laser-ranging elements for this
instrument component benefited from the laboratory
experiments that shaped the design for the “laser pro-
filer,” and evolutionary details on that design are given
in the section titled “Laser Profiler.” The present sec-
tion, therefore, is limited mainly to the electro-optical,
mechanical, and operational details of the laser tracker
as they gelled in the final design. The term “laser” is an
acronym that signifies “Light Amplification by Stimu-
lated Emission of Radiation.”

To ensure that its pointing measurements can be
accurately related to the stable platform reference
axes, the tracker two-axis gimbal-support structure is
mounted in the same housing or case that contains the
IMU. The arrangement is shown schematically in fig-
ure 18, which should be recognized as simply a more
complete version of figure 10. To avoid gimbal lock for
all pointing directions downward below the aircraft,
the tracker outer axis (fig. 18, blue color code) is con-
structed parallel to the aircraft pitch axis. The tracker
inner axis (fig. 18, red color code) is always at right
angles to the outer axis regardless of pointing direc-
tion. Arrowheads on the two axes again denote the
positive-direction conventions.
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18) to keep the target image centered in the tracker
field of view.

The discussion given in the section, “Laser Profiler,”
refers to a key mathematical expression termed the
“range equation” which is equally important in this
section in arriving at suitable design choices for the
laser transceiver. Although the following discussion of
the range equation closely parallels that given in the
“Laser Profiler” section, there are significant differ-
ences that relate primarily to the laser beam ranging
on a specially designed cooperative retroreflector
target instead of the uncooperative land-surface target.
Thus, for the laser tracker, the range equation has the
form:

T1T2pA1A3e_ 2R
Aghy ’

where Py = power, receiver,
Pg = power, source,
T, = transmission coefficient, source optics,
Ty = transmission coefficient, receiver optics,
p = reflection coefficient, retroreflector,
A, = area, retroreflector,
A, = area, light beam “footprint” at retroreflec-
tor,
Aj = area, receiver lens,
A4 = area, light beam return “footprint” at re-

ceiver,

o = attenuation coefficient, atmospheric path,
and

R = range.

The interrelations among the foregoing parameters
are ilustrated schematically in the three parts of figure
21. These parts, studied in sequence from left to right,
show (A) the significant geometric features of the laser
light path from transmitter (source) to retroreflector
target and back to receiver, (B) the critical points in the
flow of light energy from the lasing source to the target
and return, and (C) the mathematical description of the
principal losses in energy flow which allows a rigorous
statement to be written (eq 3) that shows the net
change in energy level between laser source and
receiver. Obviously figure 21A is schematic in the
sense that, in the real tracker instrument, the field of
view is coextensive (not side by side) with the field
irradiated.

To arrive at the particular form of the range equation
given in figure 21, note from the geometry shown in
part (A) that the radius of the circular footprint of the
laser beam at the retroreflector is a function of the
constant beam divergence angle, a, and the range, R.
Thus, the footprint area, A,, is determined from the
relation,

A2 = K2’ITR2,

where K, is simply the appropriate trigonometric func-
tion of a used with R to compute the footprint radius. To
develop a similar expression for A,, the area of the
circular footprint of the returning laser beam at the
receiver, consider first that the retroreflector is de-
signed to have a high reflection coefficient and a
shaped surface such that virtually all the laser beam
that is intercepted is reflected straight back along the
line-of-sight path to the source. In effect, therefore, the
retroreflector becomes a new point source for the laser
beam, with its own constant divergence angle, a'.
(Ideally, o' should be nearly equal to, but no less than,
o.) Thus, the radius of the circular footprint at the
receiver is a function of a’ and R, and the area, Ay, is
determined from the relation,

A, = K,R?,

where K, is the appropriate trigonometric function of
a'. By substituting the foregoing equivalences for A,
and A, in equation 3, the range equation for the laser
tracker has the desired form,

T1T2pA1A3e_ 20R
K5‘|T2R4

Py = Ps , @)

where Kj is simply a new constant that stems from the
product of K, and K,.

The tracker may be operated in either a search mode
or a track mode. In the search mode, when the tracker
must search until it acquires a retroreflector target, the
tracker gimbals are positioned automatically by com-
puter program in much the same manner as described
in the last paragraph in the section titled “Electronics.”
Now, however, the appropriately processed gimbal
angle data are sent to the tracker gimbal servoamplifi-
ers to drive the tracker torque motors. Included in the
computer program for this pointing mode is continuing
iterative calculation of the commanded tracker gimbal
angles to maintain the line of sight toward the expected
position of the retroreflector target. This takes into ac-
count the known target location, as well as the present
aircraft position, attitude, and velocity, and then su-
perimposes a tracker spiral scan motion that slowly
opens up, in a step-by-step programmed way, around
the initial, most probable target direction. At the max-
imum intended flight operating altitude of 3,000 ft
(920 m), the spiral scan will sweep the tracker footprint
over a terrain area that totals about 4.3 x 10* ft2
(4.0 X 103m?) in 20 seconds. Normally, this is more
than sufficient to find the retroreflector target. How-
ever, if the target is not found and is determined to be
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